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Abstract 
Practical applications of the recently demonstrated method of growing single 
crystal architecture in glass by femtosecond laser demand answers to two key questions: 
1. How is the formation of a single crystal affected by the non-congruent composition of 
glass?  2. Why are laser scanning speeds higher than a critical value necessary for 
obtaining single crystals in some cases, whereas smaller than a critical value are required 
in other systems? We have sought answers to both of these questions by investigating the 
effect of La2O3 concentration on the crystallization of LaBGeO5 in xLa2O3-B2O3-2GeO2 
glass as a model system that has been studied most extensively. The results show that for 
stoichiometric and La2O3-rich glass, a scanning speed above a critical value is required 
for fabricating LaBGeO5 single crystal, while the opposite is true for the La2O3-deficient 
composition. The origin of these divergent behaviors is shown to be in the relative values 
of nucleation and growth rates and their temperature dependencies. This first systematic 
study illustrates the complex role of composition on the nucleation and growth 
mechanisms and provides a framework for determining the processing parameters needed 
for fabricating single crystal architecture in a glass.  
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Introduction 
With the ubiquity of the internet, the amount of data being transferred though optical 
fibers has increased exponentially. Optical telecommuting relies on discrete optical 
components, such as modulators, multiplexes, and amplifiers, to encode, decode, and 
transmit data.1 There is a trend to integrate these discrete components into photonic 
integrated circuits (PICS), analogously to how discrete electronic components have been 
combined and miniaturized into electronic integrated circuits. The advantages of PICs are 
smaller size, lower energy use, and higher reliability.2 Current methods for fabricating 
PIC are limited to creating 2D devices, which limits the density of components in a 
device. The ability to fabricate 3D PICs would greatly increase the component density, 
allowing even more compact devices.1 
As an example of the impact of 3D PICs, consider devices used for encoding data 
into optical fibers. Wavelength division multiplexing (WDM) is currently used for high 
bandwidth optical telecommunication. With WDM, different signals are sent along a 
single optical fiber using different wavelengths of light, allowing much more data to be 
transmitted than using a single wavelength. However, there is a fundamental limit on the 
bandwidth of data that can be sent using WDM.3  To overcome this limitation, the 
polarization of the light can also be used to for multiplexing. Using a method called 
principal state transmission (PST) in conjunction with WDM, the bandwidth of an optical 
fiber could potentially be increased by an order of magnitude.4 However, PST requires 
many complex optical components, making it difficult to implement. But if 3D PICs can 
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be developed using single crystal waveguides, the complex system can be integrated into 
a single device.   
Laser irradiation is a novel way of modifying glass to fabricate integrated optical 
components. When a continuous wave laser is focused on a glass sample, the laser will 
either be absorbed at the surface or be transmitted through the sample, depending on 
whether the glass is transparent at the wavelength of the laser. Under the condition that 
the laser energy is absorbed, the glass will locally heat. This heating can be used to 
locally modify the glass (i.e. localized melting); however, because the modification is 
limited to the surface, only two-dimensional designs can be realized.  
In comparison, a femtosecond laser uses ultrashort but high intensity pulses. Due to 
the high intensity, a focused femtosecond laser will be absorbed at the focal point even in 
a transparent glass sample due to nonlinear multiphoton absorption. Thus, a femtosecond 
laser can be focused to any arbitrary point in three dimensions in a transparent bulk glass 
sample and cause local heating and modification. By scanning a focused femtosecond 
laser various glass samples, Miura et al. created optical waveguides embedded in glass.5,6 
Nolte et al. extended this idea by creating a 1 x 3 waveguide splitter in 3D in fused silica 
(shown in Figure 1), demonstrating for the first time a 3D integrated optical device.1 
Additionally, Lapointe et al. created a Mach-Zender interferometer in gorilla glass which 
utilized the thermal expansion of the glass to act as a temperature sensor.7 The authors 
suggested that this device could be integrated into displays on smartphones to detect 
overheating.  
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All the above work uses the fact that the fs laser irradiation causes a refractive index 
change in the glass to create waveguide-based devices. These waveguides merely 
passively guide the light. For many other applications of photonic integrated devices, 
including electrooptic modulators or polarization controllers, an optically active medium 
is required which can interact with and modulate the photon signal. Glass is inherently 
centrosymmetric, and thus a poor choice of material for this application. However, when 
heated, certain glass composition can precipitate noncentrosymmetric crystals with 
second order nonlinear optical susceptibility. Using a femtosecond laser to selectively 
heat the glass, dots and lines of these crystals have been fabricated in glass, including 
LaBGeO5
8–11, BaTiO3
12,13, LiNbO3
12,14,15, Ba2TiSi2O8
12,16,17, ZnO18,19, β-BaB2O420, and 
others. The nonlinear optical activity of these crystals in glass have been demonstrated by 
observing second harmonic generation (SHG).  
Under most circumstances, these laser-precipitated crystals are polycrystalline. For 
optical applications, single crystal architectures are more desirable. Compared to 
polycrystalline architectures, single crystal architectures in glass (SCAG) have lower 
losses due to the lack of grain boundaries, as well as higher optical functionality due to 
having a single, controlled crystal orientation. However, fabrication of SCAG is 
significantly more challenging than creating polycrystalline structures because the 
kinetics crystal nucleation and growth must be controlled so that extraneous grains do not 
nucleate. Compared to conventional methods for single crystal growth, single crystal 
growth by laser heating of glass offers a unique challenge. Based on conventional crystal 
growth kinetics, materials typically exhibit nucleation and growth rate curves similar to 
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the one shown in Figure 2a, in which the peak crystal growth temperature is above the 
peak nucleation temperature. The Czochralski process for crystal growth utilizes this 
phenomenon by growing from melt upon cooling using a seed crystal. In this way, 
nucleation is completely avoided. In contrast, in the laser heating method, crystallization 
occurs upon heating of the glass substrate, resulting in a temperature profile like the one 
shown in Figure 2b, in which the temperature is highest at the focal point and decreases 
radially. Thus, due to the temperature profile and the fact that nucleation temperature is 
lower the growth temperature, if there is a region near the center of the heated zone that is 
ideal for crystal growth, there will always be a surrounding region with the ideal 
conditions for unwanted nucleation.21 Therefore, in order to fabricate SCAG using laser 
irradiation, care must be taken to suppress unwanted nucleation.  
Despite the challenges, Stone et al. have successfully fabricated a functional single 
crystal LaBGeO5 waveguide in glass.
8The waveguide was 1 cm long and completely 
single crystal. The upper limit of optical losses was measured to be 2.64 dB/cm, which is 
sufficient for PICs, as only short transmission distances are required. Recently, Lipatiev 
et al. also fabricated single crystal LaBGeO5 waveguides in glass and demonstrated SHG 
in the waveguides confirming that they are still optically active while confined in glass 
and usable for PICs.11 To overcome extraneous nucleation and grow single crystals, 
Stone developed a method that involved scanning the laser above a critical growth speed. 
Due to the high anisotropy of LaBGeO5, the growth speed in the direction of the c-axis is 
significantly fast than any other direction. Therefore, if the laser is scanned at the growth 
speed of the crystal along the c-axis, only crystals oriented with the c-axis parallel to the 
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scanning direction can sustain growth. Any grains that nucleate with an orientation 
misaligned with that direction will be out competed and not be able to grow. Thus, 
waveguides grown with a laser scanning speed above the critical growth speed (~42 μm/s 
for LaBGeO5) were single crystal, while waveguides written at slower speeds were 
polycrystalline.8 While this method successfully produces single crystal waveguides in 
LaBGeO5, there are still some drawbacks. First, the crystal must have high anisotropy. If 
different orientations have similar growth speeds, then a single orientation will not be 
able to out-compete all orientations. Second, the fast growth direction will necessarily be 
aligned with the laser scanning direction. Therefore, only crystals of a single orientation 
can be fabricated, which may not be the desired orientation. Finally, the waveguides are 
only single crystal for straight lines. During a bend in the line, the scanning direction is 
changed, and the fast growth direction is no longer aligned with it. Because of this, grain 
boundaries form at bends, as new, more preferentially aligned grains nucleate and out-
compete the original grain, as shown in Figure 3.22 Thus, there is need for a method for 
fabricating SCAG which can overcome these problems.  
Veenhuizen et al. recently demonstrated that LiNbO3 SCAG can also be fabricated.
14 
LiNbO3 is commonly used in optical applications, such as electrooptical modulators due 
it’s high second order nonlinear susceptibility and its availability as bulk single crystal. 
Unfortunately, unlike LaBGeO5, LiNbO3 does not form a glass. Instead, LiNbO3 must be 
mixed with 22-34 mol% SiO2 in order to form a stable glass. Upon heating, LiNbO3 
crystals precipitate out of this glass. Veenhuizen explored the parameter space of laser 
power and scanning speed at which single crystal waveguides could be fabricated. As 
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shown in Figure 4, the conditions that produced LiNbO3 single crystals were high laser 
power and low writing speed. These conditions are opposite of the results that Stone had 
found in LaBGeO5, in which high writing speeds were required to obtain single crystals 
structures. Based on that, it’s clear that there is not a universal formula for creating 
SCAG in any glass-crystal system. In order to extend SCAG fabrication into systems that 
create other functional crystals, it is necessary to understand what material properties of 
the system determine the ideal parameter for single crystal growth. 
 LaBGeO5 is studied as a model system for single crystal growth in glass by fs-
laser heating because it is one of the few glass forming compositions that crystallize 
congruently.  However, LaBGeO5 is expected to have limited applications due to its 
relatively weak nonlinear optical coefficients compared to those of other commonly used 
crystals, such as LiNbO3.  Recent work has demonstrated that LiNbO3 single crystal 
waveguides can be grown in 35Li2O-35Nb2O5-30SiO2 glass; however, some conditions to 
create single crystals were opposite to those needed for single crystal growth in 
congruently crystallizing LaBGeO5 glass. Specifically for LaBGeO5, scanning the laser at 
speeds higher than a critical value was necessary to avoid polycrystalline growth, 
whereas for LiNbO3 in 35Li2O-35Nb2O5-30SiO2 glass, speeds lower than a critical value 
are needed to avoid polycrystalline lines.14  The source of this fundamental discrepancy 
about the role of scanning speed in single crystal fabrication will be addressed in this 
paper. Therefore, for the method of single crystal growth in glass by laser to be viable in 
practice, it is necessary to understand the properties of the glass that determine the 
optimum processing parameters for a given glass and crystal system.  
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 Overall, devitrification of glass is determined by the nucleation and growth rates 
of crystal phase to be formed. To grow a single crystal, in contrast to common 
ceramming of glass, a nucleus above a critical size must form first and grow, while no 
additional nuclei form or grow under the conditions of laser scanning. In this work, the 
effect of composition on nucleation and growth kinetics of LaBGeO5 in xLa2O3-B2O3-
2GeO2 glass as a model system is investigated to develop guidelines for the optimum 
conditions for single crystal growth by fs-laser irradiation. Here the glass compositions 
are selected so that they have the same B to Ge atomic ratio as in LaBGeO5 crystal. Then 
the kinetics of growth are expected to be controlled by the diffusion of only one cation, 
viz. La. 
 
Methods 
Three glass compositions of varied concentrations of La2O3, shown in Table 1, 
were prepared by the standard melt quenching procedure. La2O3 (99.99%), H3BO3 
(99.99%) and GeO2 (99.95%) were weighed into 40 g batches, accounting for B2O3 losses 
reported by Sigaev et. al.23 The batches were melted in a platinum crucible at 1250°C for 
30 minutes, then quenched between two stainless steel plates to form clear glass. The 
samples were annealed for two hours at 650°C and then the furnace was cooled to room 
temperature. Finally, they were polished optically smooth. The compositions of the 
resulting glasses were measured using inductively coupled plasma atomic emission 
spectrometry. 
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Crystallization characteristics of the glasses were measured using Differential 
Scanning Calorimetry (DSC) (model: 404 Pegasus F3m Netzsch, Selb, Germany).  Glass 
transition temperature and peak crystallization temperature were determined by heating 
the samples through crystallization at 10 °C/min. Experimental error was evaluated by 
taking the standard deviation of three DSC runs. Nucleation rate curves were determined 
with DSC using the methods outlined by Takahishi et al.24  
Crystal growth rate curves were determined with DSC data using the method 
developed by Reis et al.25 For this method, glass samples were cut and ground to 
dimensions of about 3 mm x 3 mm x 150 μm. The exact dimensions of each sample were 
then measured with an optical microscope. The samples were then heated in the DSC 
through crystallization at heating rates of 10 K/min and 40 K/min. From the DSC signal, 
the crystal growth rate, U(T), was calculated using Equation (1): 
 𝑈(𝑇) =  
DSC(𝑇)
𝐴peak
∙ 𝐿 ∙ 𝑞, (1) 
where DSC(T) is the DSC signal, Apeak is the area under the crystallization peak, L is the 
sample thickness, and q is the heating rate.25  
For laser induced crystallization, a PHAROS femtosecond laser (model: SP-06-
200-PP, Light Conversion, Vilnius, Lithuania) was focused 200 μm below the glass 
sample surface using a 50x, 0.6 NA objective lens. The laser parameters used were a 
wavelength of 1026nm, repetition rate of 200 kHz, pulse duration of 165 fs, and pulse 
energy of 5.0 μJ. To create crystallized lines, the samples were mounted on a motorized 
3-dimensional translation stage, capable of linear translation speeds of 4-48 μm/s. The 
samples were mounted in a heating cell at 500 °C, to minimize cracking caused by 
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stresses from crystallization. The heating stage had a 1 mm silica window, through which 
the laser was focused. 
The crystallized lines were analyzed with a Hitachi 4300SE scanning electron 
microscope. The samples were cut and ground so that the surface intersected the 
crystallized lines longitudinally, then polished using progressively finer polish 
compounds to a 0.1 µm surface finish, etched with a 5% HF solution for 30 seconds, and 
sputter coated with about 1 nm thin iridium film. Electron backscattered diffraction 
(EBSD) was performed on these samples to determine the local orientation of the crystal 
lattice of the lines. Energy dispersive spectroscopy (EDS) was performed on transverse 
cross-sections of the lines, prepared in the same manner, to map the local chemical 
composition within and around the lines.  
 
Results 
 Figure 5 shows the batched and analyzed compositions of glasses investigated in 
this study, which are also listed in Table 1. The glasses were batched with intended 
compositions of xLa2O3-2GeO2-1B2O3, where x=0.9, 1.0, 1.1with x=1.0 being the 
composition which congruently crystallizes to the desired LaBGeO5 ferroelectric crystal 
phase. All of the samples have excess B2O3, which is likely due to overcompensation for 
B2O3 evaporation from the melt. Nonetheless, the glasses show a range of compositions, 
most directly varying from low to high fractions of La2O3. 
 Figure 6 shows DSC scans for the three glass compositions. From these curves, 
the glass transition temperature (Tg) and peak crystallization temperature (Tx) were 
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determined. Their values for each composition are listed in Table 1. Tg is constant of 
composition, between 671-672 °C, whereas Tx is the same for the stoichiometric sample 
and La-rich sample but increases by about 15 °C for the La-poor sample.  
Figure 6 also shows a DSC scan of a La 1.0 sample that was heat treated for 4 
hours at 676 °C. Compared to the as-annealed La1.0 curve, Tx is shifted to a lower 
temperature (837.1 °C). The difference of the reciprocals of crystallization peak of the 
heat treated sample, Tx676, and the as-annealed sample, Tx, is proportional to the 
nucleation rate at the heat treatment temperature.24  Though this method does not 
quantitatively measure nucleation rate, by plotting 1/Tx – 1/Tx0 against heat treatment 
temperature, the shape and location of the nucleation rate curve can be predicted.26 The 
left plot in Figure 7 shows shapes of the nucleation rate curves for each composition 
produced by this analysis.  The curves for the La1.0 and La1.1 samples are similar, with a 
relatively broad peak centered around 670 °C. However, for the La0.9 sample, the peak is 
narrower and centered about 5 °C higher than the other compositions.  
The right plot in Figure 7 shows the crystal growth rates as a function of 
temperature of these samples, as measured by DSC. The results are plotted only for the 
initial section of the growth rate curves, because once a sample is fully crystallized, there 
is no more growth at higher temperatures. The plots show that in this composition range, 
as La2O3 concentration increases, the crystal growth rate at a given temperature increases.  
 In order to obtain single crystal lines, the first step was to form a nucleus and let it 
grow to form a large enough seed crystal for controlled fabrication of a single crystal. To 
do this, the laser was focused 200 µm below the sample surface and held there until 
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second harmonic light was observed, indicating that an optically nonlinear LaBGeO5 seed 
was formed. The seed crystal then grows to encompass the laser modified region, about 
15 μm x 15 μm x 50 μm. In the La1.0 sample, this process took about 10 minutes to an 
hour, with a lot of variability, indicating the stochastic nature of nucleation. The seed in 
La1.1 sample formed significantly faster, in 1 – 5 minutes.  
In the La0.9 sample, however, an initial seed crystal could not be precipitated 
while irradiating with the laser for up to 8 hours. To overcome this challenge, a sample of 
La1.1 glass was polished and fused to a La0.9 sample by placing the one sample on top 
of the other, heating to 650 °C for 30 minutes in a box furnace, then slowly cooling down 
to room temperature. After the fused couple was polished, the fs-laser was focused in its 
interior under the same conditions as the other samples. When focusing the laser inside 
the La1.1 portion of the couple, a seed crystal could be formed in a few minutes. 
Subsequently, the laser was scanned across the fusion line of the two glasses, and the 
crystal continued to grow across the interface into the La0.9 glass. This crystal seed could 
then be used as a seed to grow crystal lines in La0.9 glass. Thus, the seed crystal was 
introduced in La0.9 glass by scanning the laser across the fusion interface, whereas 
formation of a seed could not be initiated by simply focusing the laser into the La0.9 
glass. Figure 8 shows an optical micrograph at the fusion interface of this sample, where 
a crystal was started in the La1.1 glass at the bottom of the image, and then grown by 
scanning the laser into the La0.9 sample at the top.  
Crystal lines were grown in each of the glass compositions under various laser 
powers and scanning speeds, then characterized with EBSD. Figure 9 shows inverse pole 
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figure maps from EBSD of the crystallized lines of each composition. The color at a 
given point in the line shows the crystal orientation aligned with the laser scanning 
direction, as indicated by the colors in the legend. The maps are overlaid with 
corresponding image quality maps, which darken the pixels based on the quality of the 
diffraction pattern. This procedure was used to identify pixels with poor diffraction, such 
as from the glass, grain boundaries, and cracks.  
In all of the compositions, there was a critical scanning speed at which the lines 
transitioned from polycrystalline to single crystal. In Figure 9, the lines shown were 
grown at about this critical speed for each composition. For the La 1.0 sample, lines 
grown at 36 μm/s and below are polycrystalline, as shown by several colors in the lines. 
Above 40 μm/s, the lines are single crystal, as shown by a single color, indicating a 
critical growth speed at 38 ± 2 μm/s for this glass composition.  These observations for 
the La1.0 sample are consistent with the results reported by Stone et al.8, who showed 
that, in stoichiometric LaBGeO5 glass, the laser must be scanned above a critical speed to 
obtain single crystals. The lines grown in La1.1 glass showed a similar behavior as in the 
La1.0 samples: the lines grown at 28 μm/s and below were polycrystalline while lines 
grown above 32 μm/s were single crystal. So, the critical growth speed to get single 
crystals in this glass was 30 ± 2 μm/s, which is lower than that for the La1.0 sample. In 
the lines made with 24 μm/s and 28 μm/s scanning speeds, the colors look relatively 
uniform, but the shades of red are slightly different between the grains. Figure 10 shows 
crystal orientation maps for the same crystal lines, which describe the relative 
misorientation of each grain. Here, the separate grains in the La1.1 24 μm/s and 28 μm/s 
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lines can be seen more clearly, even though the misorientation of the grains is less than 
10°.  So while the grains are all oriented with the c-axis towards the growing direction, 
they are misoriented relative to each other in other directions.  
On the other hand, the La0.9 lines show a different trend. First, neither 
polycrystalline nor single crystal lines could be grown at speeds above 24 μm/s, which is 
significantly slower than the speeds that were necessary for single crystal growth in the 
other compositions. Second, as shown in Figure 9, as the scanning speed decreased, the 
grain density of crystallized lines decreased with decreasing laser scanning speed to the 
point that lines grown at 8 μm/s or slower were single crystalline (the minimum speed 
that could be tested for writing lines was  5 μm/s due to the limitations of the sample 
stage). Therefore, for the La 0.9 composition, there is a critical speed of 10 ± 2 μm/s 
below which single crystals grow, not above a critical speed as for the case of the two 
other compositions. 
EDS maps were obtained to determine compositional variations of La, Ge, and O 
surrounding the crystal lines. The results are shown in Figure 11 for the cross-sections in 
each glass composition. EDS line scans were also performed across the crystal cross-
sections, also shown in Figure 11. Note that the concentrations measured are not absolute 
but relative, as B is too low in atomic number to be detected by EDS. In the La0.9 
sample, there is enrichment of La in the crystal lines with a depletion in the region 
surrounding the crystal with a thickness of about 1.8 µm.  There is also depletion of Ge 
and O in the crystal with enrichment surrounding the crystal. In the La1.0 sample, there is 
a similar enrichment of O and Ge surrounding the crystal and enrichment of La in the 
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crystal, but to a lesser extent. In the La1.1 sample there is not a significant concentration 
gradient between the glass and crystal of La, Ge, or O. In all cases the local variations in 
O coincide with the Ge variations. Due to the higher valence of Ge relative to La or B, if 
there is excess Ge, there should also be excess O.  
The SEM images in Figure 11 also show the morphologies of the crystal lines. For 
the line in La1.1 glass, the crystal is monolithic with a smooth boundary. For the crystal 
in the La0.9 glass, there are dendrites on the outer edges of the crystal. The La1.0 sample 
has an intermediate morphology between the other two.  
 
Discussion 
In the composition range tested, there is a strong compositional dependence of the 
time needed to create a seed crystal. While a seed crystal can be formed in a few minutes 
in the La2O3-rich sample, even 8 hours is insufficient time to create a seed in the La2O3-
deficicient sample. This difference can be understood from the DSC nucleation rate data. 
Compared to the La1.1 sample, the La0.9 sample has a narrower nucleation rate peak, 
even though the peak nucleation rate is comparable. During the fs-laser heating, the 
temperature is highest at the focal point, reaching temperatures higher than 2000 °C, 
significantly hotter than the crystal melting point and decreases radially to the ambient 
temperature of the surrounding glass.27,28 Miyamoto et al. show that the temperature at 
the boundary of the laser modified region is about the forming temperature (Tf) for the 
glass, which is above the Tg.
29 Stone et al. have shown that the crystals nucleate near the 
this boundary region.30 Therefore, the crystal nucleation tends to be occurring near this 
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boundary region, where the temperature is between Tg and Tf, which coincides with the 
nucleation rate peaks from DSC in Figure 7. Because the nucleation rate curve is broader 
for the La1.1 sample, there is a larger volume of glass surrounding the focal point that is 
in the temperature range ideal for nucleation. Therefore, there is a higher probability that 
nucleation will occur in this glass in a given amount of time. By comparison, with the 
La0.9 sample there is a smaller volume that is heated to the nucleation temperature, 
which leads to a lower probability of nucleation overall.  
In growing single crystals, suppressing nucleation by narrowing the nucleation rate 
curve would seem beneficial, as new grains nucleating after seed crystal formation are 
undesirable. However, to grow a single crystal, at first a primary grain must be nucleated 
in a sufficiently short time. Lipat’ev et al. developed a method to nucleate seed crystals 
more quickly by gradually increasing the pulse energy of the stationary fs-laser.10 This 
method was not used because of limited ability to change the pulse energy continuously 
in the present laser system. However, the method of fusing a glass with easy seed 
nucleation allows a seed to be nucleated to a glass with poor nucleation characteristics. It 
may also be possible to extend this technique to grow a crystal phase in a glass 
composition in which that crystal does not form under available experimental conditions. 
Using this method to introduce a seed crystal into the La0.9 glass demonstrates that the 
difficulty in forming a seed crystal is a symptom of the nucleation behavior of the glass 
composition, as described previously. To form a seed suitable for laser fabrication, first a 
crystal must nucleate and then it must grow large enough to be observed. A delay in 
either step i.e. nucleation or growth would delay the formation of seed. Therefore, it may 
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have been possible that, when attempting to initiate a seed crystal in the La0.9 glass, 
crystals may have been nucleating, but not growing. However, because a crystal line 
could be grown from a seed initiated from another glass such as the La1.1 composition, 
growth is not the problem as seen in Figure 8.   
The DSC results show that crystal growth rate increases from La0.9, to La1.0, to 
La1.1 sample. The values for crystal growth rate determined by DSC measurements are 
lower than those observed during laser crystallization. The peak rate calculated from 
DSC data for the La1.1 sample was less than 9 µm/s, whereas growth was sustainable at 
speeds up to 48 µm/s in the laser crystallization experiments. However, note that the DSC 
technique only shows a section of the crystal growth rate curve, because there are no data 
above the temperature at which the sample is fully crystallized. For all compositions, the 
curves continue to rise at the point where crystallization is complete (see Figure 7), so it 
is likely that the highest rate of growth observed in laser crystallization occurs at a higher 
temperature. Also, this DSC method tends to underestimate crystal growth rates for 
systems in which chemical diffusion is needed for crystal growth, as is the case with 
these samples.25 In any case, the trend of crystal growth rate increasing with increasing 
La2O3 concentration in DSC data is consistent with the results from the laser 
crystallization experiments, in which crystal lines could be grown at higher speeds for the 
La1.1 sample than the La0.9 sample. 
The EDS maps in Figure 11 show how the glass composition may be affecting the 
crystal growth rates. When the glass cannot crystallize congruently, diffusion must occur 
to form a crystal of the correct composition. In the context of the composition in this 
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study, for a LaBGeO5 crystal to form in the La0.9 glass, La ions must move from the 
surrounding glass to the crystal growth front, because there is a deficiency of La locally. 
The dendritic morphology shown in Figure 11 is also indicative of the idea that diffusion 
is limiting the crystal growth rates31 in the La0.9 composition, and to a lesser extent, in 
the La1.0 composition, as the dendrites are less prominent in the crystals grown in the 
La1.0 composition. As shown in Table 1, the composition of the La1.0 is still 1.0 mol% 
lower in La2O3 compared to stoichiometric LaBGeO5, so some diffusion would still be 
necessary to crystallize to LaBGeO5 
On the other hand, for the case of the La1.1 glass composition, the EDS map shows a 
uniform composition between the crystals and glass, indicating that there is not 
significant long-range diffusion, and crystallization is occurring congruently, though not 
stoichiometrically. Similar to how LiNbO3 crystallizes congruently to a non-
stoichiometric Li-poor composition from melt, it may be that, in this system, a La-rich 
composition can congruently crystallize to a non-stoichiometric La-rich LaBGeO5 
crystal.32   
 The diffusion of La is likely the limiting component in crystallization. Based on 
electronegativity values of the elements making up the present glass (Ge=2.01, B=2.04, 
La=1.10 and O=3.44)33, Ge and B would act as glass network formers and be covalently 
bonded to both bridging oxygen and non-bridging oxygen.  La would likely act as a 
network modifier with its bonding to oxygen being primarily ionic. In general, covalent 
bonds are stronger than ionic bonds, resulting in much smaller diffusivities of the cations 
so bonded. For instance, the single bond strength for the B-O, Ge-O and La-O bonds are 
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119, 108, and 58 kcal/mole.34 Therefore, diffusion of La is expected to be much faster 
than that of B or Ge.  
There are no data available on the diffusion of La in glasses comparable to the 
borogermanates of this investigation. However, we can get a qualitative sense of its 
diffusivity compared to that of common modifier cations, following widely used 
Anderson-Stuart theory for ion diffusion in glass.35 Accordingly, the diffusion of an ion is 
determined by Coulombic interactions and steric hindrance during its movement within 
the network, which are determined in turn by its ionic radius and charge. The size of La+3 
ions is 1.03 Å, comparable to glass modifiers like Ca (1.00 Å)and Sr (1.18 Å).33  
In order to explain the different behaviors observed in growing single crystals in the 
sub-stoichiometric, stoichiometric and super-stoichiometric compositions of La 
borogermanate glass, the following mechanisms are proposed. The first mechanism 
applies to the La1.1 and La1.0 compositions, in which a high laser scanning rate is 
needed to achieve single crystal growth. In these compositions, both the crystal growth 
rates and nucleation rates are relatively high. Therefore, while growing a single crystal by 
scanning the laser, there is a high chance for new nuclei forming in front of the growing 
crystal. Furthermore, the growth of LaBGeO5 crystal is highly anisotropic, such that the 
c-direction is the preferred growth direction.30 Therefore, by scanning the laser at a 
velocity at which only that orientation can sustain growth, any new grain that is 
misoriented relative to that direction will be out-competed, leaving a crystal to keep 
growing with only that orientation. This mechanism is consistent with the results 
previously reported by Stone et al.30 
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The second mechanism applies to the behavior of La0.9 glass relative to the other two 
compositions, in which a slow laser scanning speed is needed to grow single crystals. In 
this glass, both nucleation and crystal growth are suppressed relative to the other 
compositions, presumably because La3+ ion diffusion must occur during crystallization in 
La0.9 glass than in super-stoichiometric La1.1 glass. In this case, because the crystal 
growth rate is suppressed, the crystal cannot grow at the scanning rates necessary for 
maintaining only the single orientation as in the other glass compositions. At scanning 
speeds that can sustain growth, there are other crystal orientations that can also grow, so 
growing at high scanning speeds is not a viable strategy for single crystal growth in this 
case. Because the crystal cannot grow faster than the laser scanning speed, it grows at an 
isotherm at which the sample is at the temperature where the peak crystal growth rate is 
the same as the laser scanning rate. At higher speeds, this temperature is closer to the 
center of the heated zone, while the isotherm for peak nucleation rate is further away. 
This situation leaves a glass region in front of the crystal growth front where nucleation 
of new grains can occur before the single crystal arrives. These new grains would disrupt 
the growth of the single crystal. In contrast, at lower speeds, the crystal grows at a lower 
temperature, resulting in the isotherm of the crystal growth front to move away from the 
center of the heated region, close to the isotherm for high nucleation. In this case, the 
crystal can grow over the volume that is in the correct temperature range for nucleation 
before there is a chance for new grains to nucleate, leaving a single crystal. Therefore, in 
this case, at low laser scanning speeds, single crystals can be formed. Because of the 
difficulty of nucleating a crystal initially in the La0.9 glass, it seems counterintuitive that 
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new grains can nucleate readily while scanning the laser at higher speeds. This 
discrepancy may result from the fact the composition of the glass is changing in front of 
the growing crystal. The nucleation rates in this region ahead of the growth front may 
therefore have different nucleation rate characteristics than the glass without the presence 
of a crystal.  
While the laser scanning speeds for growing single crystals in the La1.0 and La1.1 
were similar to the results reported by Stone et al. for stoichiometric LaBGeO5
8, the 
results for La0.9 were qualitatively similar to those reported by Veenhuizen et al. for 
growing single crystal LiNbO3 in LiO-Nb2O3-SiO2 (LNS) glass compostions.
14 
Presumably for the same reasons growing at slow scanning speeds was necessary for 
obtaining single crystals in these LNS glasses.   
 
Conclusions 
 To establish the role of glass composition in single crystal growth by fs-laser in a 
model system, the effect of La2O3 concentration on the laser scanning speed needed to 
grow single crystal LaBGeO5 lines is determined in a range of lanthanum borogermanate 
glass compositions. It is found that, with decreasing La2O3 concentration, both nucleation 
and crystal growth rates are suppressed. This trend has been attributed to the need for 
La2O3 to diffuse into the crystal from the glass for growth to occur.  
 Two opposite behaviors of crystal growth relative to laser scanning speeds have 
been observed within this glass system depending on whether La2O3 concentration is sub- 
or super-stoichiometric, With the congruent composition and La2O3-rich composition, 
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laser scanning speeds higher than a critical value are necessary for single crystal growth. 
Because of the high anisotropic growth speed, the single crystal can outgrow any new 
misoriented grains, regardless of nucleation rate. For a La2O3-poor composition, the 
opposite condition occurs, where laser scanning speeds below a critical value are needed 
for single crystal growth. The source of this divergent crystallization behavior is shown to 
be consistent with the relative values of crystal nucleation and growth rates. Thus, it may 
be possible to predict what scanning rates are required for single crystal growth by fs-
laser, if the nucleation and growth rate characteristics are known for crystal formation in 
the glass system.  
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Figures and Tables  
Table 1. Nominal compositions, compositions measured by chemical analysis, as well as 
glass transition temperature and peak crystallization temperature measure by DSC for 
each glass sample. 
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Figure 1. (a) Schematic of experimental setup and the produced three-dimensional 
splitter, (b) Near-field intensity distribution at 1.05 um measured at the exit of the splitter. 
The splitting ratio is 32:33:35.1.1 
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Figure 2. (a) Schematic of crystal nucleation and growth rate curves. (b) Schematic of 
temperature profile from laser heating, indicating region near center ideal for single 
growth, but also a periphery region with unwanted nucleation.21 
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Figure 3. IPF map of LaBGeO5 crystal line bend, showing grain boundaries forming as 
more preferentially oriented grains outcompete original grain. Scale bars are 10 μm.22 
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Figure 4. IPF map of LiNbO3 crystals in glass grown at different processing conditions. 
Scale bar is 25 μm.14 
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Figure 5. Batched compositions and analyzed compositions of each sample, determined 
by chemical analysis.  
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Figure 6. DSC curves for as-annealedLa0.9, La1.0, and La1.1 composition. DSC curve 
for La1.0 676°C heat treated sample shown for developing nucleation rate curve. Tg 
marked for La1.0 as-annealed composition. 
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Figure 7. Left, nucleation rate plot. Right, crystal growth rate plot. 
 
 
 
Figure 8. Optical Image of sample with La1.1 glass (bottom) fused to La0.9 glass (top). 
Crystal was nucleated in the La1.1 glass, then grown into the La0.9 glass. 
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Figure 9. Inverse pole figure maps from EBSD of LaBGeO5 crystals grown in La0.9, 
La1.0, and La1.1 glass compositions.  Color indicates crystal orientation along laser 
scanning direction. For La1.0 and La1.1 compositions, scanning above a critical speed is 
necessary for single crystal growth. In contrast, for the La0.9 composition, growing 
below a critical speed was necessary. Scale bar is 10μm. 
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Figure 10. Crystal orientation maps from EBSD of LaBGeO5 crystals grown in La0.9, 
La1.0, and La1.1 glass compositions.  Color indicates crystal misorientation, relative to a 
crystal grain in the line, along laser scanning direction, highlighting separate grains. For 
La1.0 and La1.1 compositions, scanning above a critical speed was necessary for single 
crystal growth. In contrast, for the La0.9 composition, growing below a critical speed was 
necessary. Scale bar is 10μm. 
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Figure 11. Compositional analysis of single crystal and surrounding glass region. Left, 
SEM image of fs-laser written waveguide transverse cross-section. Green, EDS map of O 
concentration. Blue, EDS map of Ge concentration. Red, EDS map of La concentration. 
Right, Plot of concentrations along line scan indicated in SEM images.  Top, La0.9 
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sample. Middle La1.0 sample. Bottom, La1.1 sample. The indicated values are relative, 
as boron is undetectable and not included in the analysis. 
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